The interaction of covalently or non-covalently functionalized single-walled carbon nanotube (SWCNT) aqueous dispersions with electromagnetic radiation over a broad range of frequencies has been the topic of many recent investigations and suggests immense potential for diagnostic and therapeutic applications in medicine. [1] [2] [3] [4] [5] [6] For example, their intrinsic optical fluorescence and absorption properties at visible and near-infrared wavelengths have been characterized for molecular imaging 7, 8 and laser-induced thermal ablation of cancer cells. 9 The absorption properties of SWCNTs at 13.56 MHz have also been shown to facilitate radiofrequency hyperthermia. 10 Recent microwavefrequency experiments demonstrating that pristine SWCNTs significantly increase the dielectric properties-relative permittivity e r and effective conductivity r e -of tissuemimicking materials 11 as well as recent theoretical calculations that show an enhanced microwave electrical response of SWCNT saline solutions 12 suggest the potential of SWCNTs as theranostic agents for microwave-based cancer imaging 6 and thermal therapy. Pristine SWCNTs contain varying amounts of semiconducting and metallic nanotubes depending on the synthesis method. Oxidative purification, routinely employed to remove impurities such as amorphous carbon (AC) and metal catalysts, [13] [14] [15] alters the SWCNT chemical structure. A large body of work now documents the variability and changes in optical and electronic properties of SWCNT aqueous dispersions due to synthesis method and postsynthesis purification steps. 16 However, no such studies have been reported on potential changes in microwave properties.
In this letter, we present a systematic investigation of the effect of SWCNT synthesis and acid purification methods on the microwave dielectric properties of SWCNT aqueous dispersions. The findings of this study underscore the need for and enable the development of quality control strategies to prepare SWCNT-based formulations with consistent properties-a prerequisite for their use in biomedical applications.
We used two types of SWCNTs, referred to as CoSWCNTs and Fe-SWCNTs. The Co-SWCNTs were synthesized by catalytic chemical vapor deposition (CCVD) over cobalt catalysts. The Fe-SWCNTs were synthesized by the high pressure carbon monoxide method with iron catalysts. 17 It is well documented that SWCNT samples synthesized using either of these methods consist of amorphous carbons, semiconducting and metallic SWCNTs, other structured carbon materials (e.g., double walled carbon nanotubes (DWCNT) and/or fullerenes), and metallic catalyst particles. 18 We chose two methods of purification in our study: HCl þ H 2 O 2 and HNO 3 reflux. 19, 20 In the HCl þ H 2 O 2 method, 40 mg of SWCNTs were mixed directly with 20 ml of 30% H 2 O 2 and 20 ml of 1 N HCl and magnetically stirred at 400 rpm. The mixture was heated and maintained at 60 6 5 C for 4 h. At the end of each hour, 20 ml of HCl and 20 ml of H 2 O 2 were added to the mixture. On the last cycle, one extra hour was added to allow the H 2 O 2 to completely decompose. In the HNO 3 method, each g of SWCNTs was refluxed at 120 6 5 C and magnetically stirred at 400 rpm in 150 ml of 3 M HNO 3 for 12 h. For both methods, the mixture was cooled to room temperature, diluted with deionized (DI) water, and pelleted by centrifugation at 3000 rpm for 30 min. After discarding the supernatant, the pellet was re-suspended in DI water and filtered through a 0.1 lm pore-sized filter. The product on the filter was then washed thoroughly with DI water until the pH of the washes reached 7.0. The filtered product was then collected by vacuum oven-drying for 12 h at 60 C. Samples for microwave-frequency dielectric measurements were prepared by dispersing the SWCNTs in 0.1 wt. % aqueous PL-PEG 5400 -NH 2 (NOF Corp.), or DSPE-PEG, at 3 mg/ml and sonicating the dispersion in an ultrasonic bath (Fisher Scientific) at 100 W for 12 h. The temperature of the bath was maintained at $20-40 C. Three types of test samples were prepared both for Co-SWCNTs and FeSWCNTs: one pristine (non-purified), and two purified (one using HCl þ H 2 O 2 and the other using HNO 3 ); thus a total of six test samples were prepared. We also prepared one control sample from DSPE-PEG only (no SWCNTs). We characterized the dielectric properties of the dispersions over the 0.5-6 GHz frequency range using a flange-free 2.2-mmdiameter dielectric probe (Agilent 85070E-030) and a vector network analyzer (Agilent N5221A). For each sample, we conducted the measurement three times with the probe tip at different depths within the sample.
SWCNTs were dispersed in dimethylformamide (DMF) via bath sonication and dropcasted onto silicon wafers for Raman analysis. Raman spectra of all samples were obtained using a ProRaman-L system (Enwave Optronics) using a 532 nm laser. For both UV-Vis spectroscopy and atomic force microscopy (AFM), SWCNTs were dispersed in DMF at $10 lg/ml via bath sonication, and the supernatant was collected by centrifugation at 5000 rpm for 15 min. UV-Vis absorption of the supernatant in the 400-1100 nm range was acquired using an Evo300 UV-Vis spectrophotometer (Thermo Scientific) equipped with a xenon lamp as the excitation source. For AFM, the samples were prepared by dropping 10 ll of the supernatant on a polished silicon wafer, followed by drying in a fume hood. Atomic force micrographs using an EasyScan 2 FlexAFM (Nanosurf) operating in the tapping mode were obtained to analyze the lengths and diameters of the SWCNTs. To determine the size distributions, the length and height of at least 70 objects per group from multiple spots on the substrates were measured from the micrographs. Since the deposition of the SWCNTs on the substrate may be kinetically controlled, all AFM samples were prepared from dispersions of about the same concentration and for the same duration of drying; therefore, the relative diameter and length distributions are considered reliable. Lastly, thermogravimetric (TGA) analyses were performed using a thermogravimetric/differential thermal analyzer (Perkin Elmer) in the range of C in air at a scan rate of 5 C/min. Figure 1 shows the measured e r and r e of the pristine and purified SWCNT dispersions, as well as the control (SWCNT-free solution). Each curve represents the average of three measurements. The bars span the minimum and maximum values of the three measurements to show the variability across measurements for a given sample. Only the variability at 3 GHz is shown; the measured data at other frequencies exhibit similar variability.
Figures 1(a) and 1(c) show e r and r e , respectively, for the three Co-SWCNT dispersions compared to the control. There is a large properties enhancement for the pristine Co-SWCNT dispersion compared to the control. For example, at 3 GHz, the average e r increases by 10% and the average r e increases by 45%. The dielectric properties of the (HCl þ H 2 O 2 )-purified Co-SWCNT dispersion are slightly lower than those of the pristine dispersion; for example, at 3 GHz, the average e r decreases by 1.6% and the average r e decreases by 8.7%. The dielectric properties of the HNO 3 -purified Co-SWCNT dispersion are closer to those of the control sample than the pristine dispersion. These results show that the HNO 3 purification method more severely reduces the microwave-frequency dielectric properties enhancement effect of Co-SWCNTs in dispersion than the HCl þ H 2 O 2 purification method.
Figures 1(b) and 1(d) display e r and r e , respectively, for the three Fe-SWCNT dispersions compared to the control. We observe similar trends here. Namely, the pristine Fe-SWCNT dispersion exhibits greatly elevated dielectric properties compared to the control; at 3 GHz, the average e r increases by 10% and the average r e increases by 40%. Also, both purification methods reduce the degree of enhancement, with HNO 3 purification decreasing the enhancement so severely that there is little difference between the HNO 3 -purified Fe-SWCNT dispersion and the control.
By comparing the results for Co-SWCNT and Fe-SWCNT dispersions [Figs. 1(a) with 1(b) and Figs. 1(c) with 1(d)], we conclude the following: (1) both Co-SWCNTs and Fe-SWCNTs in their pristine state enhance the dielectric properties of the control solution significantly (by at least 10% in e r and 40% in r e at 3 GHz); (2) in general, acid purification decreases the dielectric properties enhancement effect of both types of SWCNTs; (3) HNO 3 purification decreases the enhancement more than HCl þ H 2 O 2 purification for both types of SWCNTs; and (4) the decrease in the enhancement due to acid purification is more severe for the Fe-SWCNTs than for the Co-SWCNTs. These results and conclusions suggest that acid purification imposes structural change on SWCNTs and these changes depend on both the type of SWCNTs and the purification method used.
We performed AFM, Raman analysis, UV-Vis spectroscopy, and TGA analysis to elucidate the possible physical and chemical changes of SWCNTs induced by acid purification, which affect the microwave response of SWCNTs. Figure 4(a) shows that there were no distinct peaks that indicate the Van Hove transitions of pristine or purified Co-SWCNTs. A previous report has attributed this absence of distinct Van Hove peaks within the 400-1100 nm range to a presence of DWCNTs in Co-SWCNT samples. 22 Pristine Fe-SWCNTs show Van Hove transition bands for both metallic (510 and 560 nm) and semiconducting SWCNTs (650, 740, and 820 nm). These bands were largely conserved after HCl þ H 2 O 2 purification. Conversely, HNO 3 purification completely diminished these bands, implying significant changes in the chemical and electronic structure of Fe-SWCNTs. Figure 5 shows the TGA analyses of the SWCNTs. Typically for pristine SWCNTs, the thermal decomposition of amorphous carbon and SWCNTs is indicated by two weight loss inflections centered at $350 C and $425 C, respectively; the leftover mass at 800 C is attributed to residual metal catalyst. 20, 31 Figure 5(a) shows that the thermal stability for pristine Co-SWCNTs is actually centered at $570
C. This shift from 425 C to 570 C can be attributed to the presence of both SWCNTs and DWCNTs in the Co-SWCNT sample, as the thermal stability of pristine DWCNTs is centered at $630 C. 32 The TGA curve of the Co-SWCNTs does not change noticeably after HCl þ H 2 O 2 purification, but is significantly different after HNO 3 purification. Specifically, HNO 3 reflux led to an increase from $1% to $40% AC in the sample. The fact that the thermal stability decreased to $500 C suggests chemical alteration to the nanotubes. Figure 5(b) shows an increase in AC from $2% to $41% and a decrease in the metal catalyst fraction from about 20% to 13% in HCl þ H 2 O 2 -treated Fe-SWCNTs as compared to pristine Fe-SWCNTs. The thermal stability of HCl þ H 2 O 2 -treated Fe-SWCNTs also increased to $500 C. A previous report attributes this increase to the partial removal of the metal catalysts that lower the activation energy of SWCNT oxidation. 33 After HNO 3 reflux, the AC content in Fe-SWCNTs increased from $2% to $15%. Additionally, the thermal stability of the HNO 3 -treated FeSWCNTs increased to $550 C compared to their pristine counterparts ($425 C), and again indicates metal catalyst removal. However, the fact that the relative metal catalyst fraction did not change significantly compared to pristine FeSWCNTs indicates a simultaneous decrease in the carbon content after HNO 3 reflux. Table I provides a quantitative summary of the results from Figures 1-3 and 5 ; the values indicate the percent changes in several attributes after purification (by HCl þ H 2 O 2 or HNO 3 ). It is apparent that the more negative impact of HNO 3 purification on the microwave-properties enhancement effect of both types of SWCNTs (indicated by the larger negative percent change in e r and r e ) is associated with its stronger length-shortening effect (indicated by the larger percent change in AL) and stronger oxidizing effect (indicated by the larger percent change in I D /I G ), compared to HCl þ H 2 O 2 purification. Although the relative increase in AC for HNO 3 -purified Fe-SWCNTs is not as high as that of HCl þ H 2 O 2 -purified Fe-SWCNTs, there is a larger AL decrease and I D /I G increase, along with a loss of metallic nanotubes [ Fig. 4(b) ], which collectively result in a larger reduction in e r and r e . Table I also provides insights into why Fe-SWCNTs exhibit greater reductions in e r and r e after acid purification compared to Co-SWCNTs. After HCl þ H 2 O 2 purification, the changes in AL, I D /I G , and AC of Fe-SWCNTs were all more prominent; after HNO 3 purification, a much larger increase in I D /I G and loss of metallic nanotubes [ Fig. 4(b) ] in Fe-SWCNTs was observed.
In summary, our study demonstrates the following: (1) Aqueous dispersions of pristine Co-SWCNTs and FeSWCNTs synthesized by two distinct CVD-based methods, with significant differences in morphology, show similarly elevated microwave dielectric properties compared to a control. (2) Acid-purification-based changes in SWCNT structure and composition-namely, decreases in length and fraction of metallic nanotubes, as well as increases in amorphous carbon and covalent functionalization of SWCNTs depending on the purification method-marginally or dramatically reduce the microwave dielectric properties of SWCNT aqueous dispersions. These findings have important implications in the development of SWCNT-based formulations of microwave-frequency theranostic agents for biomedical applications. 
